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Induction of proliferation and apoptotic cell death via P2Y and Cell surface receptors for adenosine 59-triphosphate
P2X receptors, respectively, in rat glomerular mesangial cells. (ATP; P2 receptors) have been classified into two families:
Background. Cell surface receptors for adenosine 59-tri- (1) ligand-gated ion channels, P2X receptors (P2X127),phosphate (ATP; P2 receptors) have been subdivided into two
and (2) G-protein–coupled P2Y receptors (P2Y128) [1].families: ligand-gated ion channels (P2X127) and G-protein–
P2Y receptors are seven-transmembrane domain recep-coupled (P2Y128) receptors. We investigated the potential role
tors that are coupled to G proteins and linked to inositolof P2 receptors on rat glomerular mesangial cells.
Methods. To investigate cell proliferation, DNA synthesis 1,4,5-trisphosphate generation and calcium mobilization
was assayed by measuring [3H]thymidine incorporation into from intracellular stores [2, 3]. P2X receptors possess
DNA. For detecting apoptosis, morphological features, DNA two transmembrane domains and can form multimericfragmentation, and exposure of phosphatidylserine on the out-
channels or pores by polymerization of P2X receptorside surface of the cell membrane were investigated. Expres-
subunits. ATP binding gates the opening of these P2Xsion of mRNA and distribution of receptors were detected by
reverse transcription-polymerase chain reaction and immuno- channels to sodium and calcium ions, resulting in mem-
histochemistry, respectively. brane depolarization and further calcium influx [4]. The
Results. ATP triggered a dose-dependent increase in DNA seventh member of the P2X receptor family is P2X7synthesis. This response was also induced by uridine triphos- and was formerly known as the P2Z receptor. The P2Zphate (UTP), an agonist equipotent with ATP at P2Y2 and
receptor was the name for the receptor that mediatedP2Y4 receptors; both P2Y2 and P2Y4 mRNA are expressed in
the permeabilizing action of extracellular ATP on mastglomerular mesangial cells and isolated glomeruli. In contrast,
the P2X7 receptor agonist 29-839-O-(4-benzoyl benzoyl) ATP cells [5] and was implicated in extracellular ATP-induced
(BzATP) caused a decrease in cell number. BzATP produced cell death [6]. This protein is structurally related to other
DNA cleavage and exposure of phosphatidylserine on the out- members of the P2X family; there is a 35 to 40% amino
side of the cell membrane. P2X7 receptors were distributed acid identity in the region of homology, but the cyto-heterogeneously in unstimulated cells. The expression of P2X7
plasmic C terminal portion is 239 amino acids long inmRNA was maintained at a low level, but was induced by
this receptor compared with 27 to 120 amino acids intumor necrosis factor-a.
Conclusions. Stimulation of glomerular mesangial cells via the other P2X subtypes [7, 8]. Stimulation of the P2X7
P2Y2 and/or P2Y4 and via P2X7 receptors can induce prolifera- receptor by ATP opens a small cationic channel, which
tion and apoptotic cell death, respectively. The balance be- then activates a large and nonselective membrane pore
tween proliferation and apoptosis will depend on the relative
permeable to high molecular weight molecules (betweenstimulation and expression of these P2 receptor subtypes, and
600 and 900 D).could play an important role in normal and abnormal glomeru-
Glomerular mesangial cells are important in normallar function.
and abnormal glomerular function. Mesangial cell prolif-
eration plays a key role in promoting glomerular scarring
because these cells can elaborate extracellular matrixKey words: cell proliferation, apoptosis, P2 receptors, glomerular cell
function. components, secrete proinflammatory cytokines, and
regulate glomerular blood flow and filtration [9]. Apo-Received for publication September 10, 1998
ptosis of mesangial cells is an important mode of celland in revised form September 29, 1999
Accepted for publication October 12, 1999 death that maintains normal morphology and function
within the glomerulus during development [10] and inÓ 2000 by the International Society of Nephrology
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normal cell turnover [11]. Cell proliferation was thought vol). The cells incubated for another 10 minutes in 0.5
to be the major feature of inflammatory glomerular dis- N NaOH. The dissolved pellet was neutralized with 1.0
eases leading to glomerulosclerosis, but recent studies N HCl, 40% TCA (vol/vol) added, and it was incubated
have shown that apoptosis of mesangial cells also plays for 20 minutes. The samples were rapidly passed through
an important role in the pathological processes associ- a glass fiber filter (GF/C, Whatman) under vacuum and
ated with glomerular injury, repair, and scarring [12, 13]. rinsed twice with 2 mL of ethanol. The radioactivity re-
Since platelets are a rich source of ATP, which is stored tained on the filter was measured by scintillation counting.
in their dense bodies [5], it is possible that high local The effect of BzATP on cell number was estimated
concentrations of ATP are present in the inflamed glo- using the colorimetric alamarBluee dye assay. The cells
merulus in vivo. Rat mesangial cells proliferate in re- were seeded into 24-well tissue culture plates at a density
sponse to comparable concentrations of ATP and uridine of 5 3 104 cells per well in 400 mL of DMEM/F-12/
triphosphate (UTP), and this response profile is charac- 10% FCS. After 24 hours, the medium was changed to
teristic of the P2Y receptor [14, 15]. DMEM/F-12/0.5% FCS. After 24 hours, the cells were
In the present study, we have investigated the potential treated for 20 hours with BzATP at various concentra-
roles of P2 receptors expressed by glomerular mesangial tions. The alamarBluee solution (40 mL) was added to
cells. Extracellular ATP showed dual and opposite ac- all wells, and plates were incubated for four hours at
tions on glomerular mesangial cell growth, mediating 378C to allow cleavage of alamarBluee by living cells.
both cell proliferation and cell death. The receptor sub- The absorbance of the cleavage product was then mea-
types involved and their mechanisms of action were ex- sured using a test wavelength of 570 nm and a reference
amined. Our results suggest that extracellular ATP may wavelength of 600 nm. We observed a linear relationship
have both physiological and pathophysiological roles in between the absorbance of the dye and cell number.
the regulation of glomerular mesangial cell function, This linearity extended over almost the entire range
which depend critically on the relative expression and tested, from 5000 to 5 3 105 cells/well (data not shown).
activation of the P2Y and P2X receptor subtypes. All experiments were performed in triplicate.
Morphological analysisMETHODS
Following treatment with drugs, microscopic analysisCells
was performed by phase-contrast microscopy. Apoptosis
Rat mesangial cells from isolated glomeruli of adult was identified using morphological criteria, including
male Sprague-Dawley (SD) rats were kindly donated by
condensation of nuclei and shrinkage of cytoplasm [18].
Dr. M. Kitamura [16, 17]. The cells were maintained in
Dulbecco’s modified Eagle medium/Ham F-12 (DMEM/ DNA cleavage detection assay
F-12; GIBCO-BRL, Gaithersburg, MD, USA) supple-
Cleavage of oligonucleosomal chromatin, a biochemi-mented with 100 U/mL penicillin G, 10 mg/mL strepto-
cal hallmark of apoptosis [18], was examined by a laddermycin, 0.25 mg/mL amphotericin B, and 10% fetal calf
detection assay [12]. After treatment with drugs, cellsserum (FCS; GIBCO-BRL) in an atmosphere of 5%
(about 1 3 105/dish) were harvested, washed with PBS,CO2/95% air at 378C. Cells were used for experiments
and lyzed with 150 mL of hypotonic lysis buffer [10at passages 20 to 30.
mmol/L tris(hydroxymethyl)aminomethane (Tris) hy-
drochloride, pH 8.0, 1 mmol/L ethylenediaminetetraace-Cell proliferation assay
tic acid (EDTA), 0.5% Triton X-100] for 20 minutes onTo investigate the effect of P2 receptor agonists on cell
ice. Following the addition of polyethylene glycol andproliferation, DNA synthesis was assayed by measuring
NaCl to a final concentration of 2.5% and 1 mol/L, re-[3H]thymidine ([3H]dThd) incorporation into DNA and
spectively [19], samples were placed on ice for 10 minutesby the colorimetric alamarBluee assays. The rat mesan-
and then centrifuged at 12,000 g for 15 minutes. The super-gial cells were seeded at a density of 5 3 104 cells per
natants were incubated in the presence of deoxyribo-well on a 24-well tissue culture plate and were incubated
nuclease-free ribonuclease (400 mg/mL; Sigma, St. Louis,for 24 hours in DMEM/F-12/10% FCS, and the medium
MO, USA) at 378C for one hour and subsequentlywas changed to DMEM/F-12/0.5% FCS. After a 24-hour
treated with proteinase K (400 mg/mL; Sigma) for oneincubation in medium containing 0.5% FCS, the cells
hour. They were then precipitated with equal volumeswere incubated with various ATP analogues for 20 hours
of isopropanol at 2208C overnight. After centrifugation,and then treated for 4 hours with [3H]dThd (0.5 mCi/assay)
each pellet was dissolved in 10 mL of Tris-EDTA (pHfor incorporation into DNA. The cells were washed twice
8.0) buffer and electrophoresed on 1.5% agarose gelwith ice-cold phosphate-buffered saline (PBS), incu-
containing ethidium bromide. Ladder formation of oligo-bated with 10% trichloracetic acid (TCA; vol/vol) for 20
minutes at 48C and washed twice with 5% TCA (vol/ nucleosomal DNA was visualized under ultraviolet light.
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Detection of apoptosis by flow cytometry turation) for one minute; 578C, 628C, and 568C for P2X7,
P2Y2, and P2Y4, respectively (annealing), for one minute;To detect the early membrane changes of apoptosis,
and 728C (extension) for two minutes. Finally, the sam-the annexin V-FITC apoptosis detection kit (Oncogene
ples were incubated at 728C (final extension) for sevenResearch Products, Cambridge, MA, USA) was used for
minutes. The PCR reactions were performed to 40 cycles.flow cytometric detection of phosphatidylserine exter-
The PCR products were analyzed by gel electrophoresis.nalization on the outside of the cell membrane [20]. In
The products were visualized by ultraviolet illuminationbrief, mesangial cells were gently trypsinized, suspended
of the ethidium bromide stained gel.in DMEM/F-12/0.5% FCS, and treated with drugs for
the indicated time. The cells were washed with annexin- Immunohistochemical localization of P2X7 receptor inbinding buffer consisting of 10 mmol/L HEPES, pH 7.4, normal rat kidney
150 mmol/L NaCl, 2.5 mmol/L CaCl2, 1 mmol/L MgCl2,
Normal rat kidneys were used and fixed as previouslyand 4% bovine serum albumin (BSA) and incubated for
described for the immunolocalization of P2X1 [22]. Ten-15 minutes at room temperature with 0.25 mg/mL of
micrometer thick sections of renal tissues were incubatedFITC-annexin V in the presence of annexin-binding
in the primary rabbit polyclonal P2X7 antibody (5 mg/mL)buffer. After washing with annexin-binding buffer, apo-
in 10% normal horse serum/PBS overnight at room tem-ptosis was assessed by flow cytometry. At least 10,000 cells
perature. The nickel-diaminobenzidine tetrahydrochlo-were analyzed using Coulter Elite workstation software.
ride (DAB) enhancement technique was used, which
produced a black precipitate in the sections. The P2X7Detection of P2X7, P2Y2, and P2Y4 mRNA
antibody used was generated as previously describedusing RT-PCR
for the P2X receptor subtypes [23]. A synthetic peptideIn these experiments, total RNA was extracted using
comprising amino acid residues 394 to 429 correspondingthe technique of Chomczynski and Sacchi [21] with Trizol
to the C-terminal 15 amino acids of the rat P2X7 receptor(GIBCO BRL) from glomeruli isolated from renal cortical
protein (NH2-TWRFVSQDMADFAIL-COOH; Gen-tissue by a standard microsieving technique and from
bank Accession number X95882) was covalently linked
cultured mesangial cells. In another series of experiments to KLH (keyhole limpet hemocyanin). Control experi-
for detection of P2X7 mRNA, mesangial cells were incu- ments were performed to establish specific immunoreac-
bated with tumor necrosis factor-a (TNF-a; 50 ng/mL) tivity: Sections were incubated with P2X7 antibody pre-for 0, 1, 3 and 24 hours, and total RNA was similarly treated with an excess of the homologous peptide
extracted. Reverse transcription (RT) was performed antigen; the primary antibody was replaced with nonim-
using total RNA extracted from five glomeruli and 5 mg mune rabbit antiserum or without primary antibody.
of mesangial cell RNA in a 20 mL RT reaction containing
0.5 mg oligo(dT)12-18 primer (GIBCO BRL), 20 units Ultrastructural localization of P2X7 receptor in
of RNasin (Promega, Madison, WI, USA), 2 mL dTT mesangial cells
(0.1 mol/L), 1 ml dNTP (10 mmol/L), 5 3 First Strand Mesangial cells were grown on Melonex and were
buffer (GIBCO BRL), and 1 mL of Superscripts II Rnase rendered quiescent 24 hours before P2X7 receptor immu-
H-reverse transcriptase (GIBCO BRL). The P2X7, P2Y2, nolocalization, as described [23]. In brief, the mesangial
and P2Y4 primers were designed from the rat cDNA se- cells were fixed in 4% formaldehyde-0.03% picric acid
quences (sense, 59-CGTGCGTTTTGACATCCTGG-39, in 0.1 mol/L phosphate buffer (pH 7.4) for 10 minutes.
antisense, 59-ACCATCCAAATGTGGGGCTC-39 for After blocking the endogenous peroxidase activity in
P2X7; sense, 59-GGT GTG CGT GCT CGG GCT GTG- 50% methanol/0.3% hydrogen peroxide (H2O2) for 15
39, and antisense, 59-TAG GCT CTG TGG CGG GCT minutes, the specimens were incubated in 10% normal
TGG-39 for P2Y2; sense, 59-TGT TCC ACC TGG CAT horse serum/PBS to block the nonspecific binding sites.
TGT CAG-39, and antisense, 59-AAA GAT TGG GCA The specimens were then incubated in the primary P2X7
CGA GGC AG-39 for P2Y4) and produced a polymerase antibody (5 mg/mL) in 10% normal horse serum/PBS
chain reaction (PCR) product of 294, 851, and 294 bp, overnight at room temperature. The secondary antibody
respectively. PCR reactions were performed in 20 mL was a biotinylated donkey antirabbit IgG (Jackson
volume containing 2 mL 10 3 PCR buffer (Promega), ImmunoResearch, Westgrove, PA, USA), and the Avi-
0.4 mL dNTP (10 mmol/L), 0.4 mL MgCl2 (25 mmol/L), din-Biotin Complex technique (extravavidin-horse per-
1 unit Taq Polymerase (Promega), and 5 mL of first oxidase; Sigma) was used to increase the sensitivity of
strand cDNA (Promega). RNase-free water was added antigen localization. DAB and H2O2 were used as the
to make up to a final volume of 20 mL. The PCR reaction enzyme substrate that produced a reddish brown precipi-
was conducted using a thermal cycler (Hybaid, omn E) tate in the sections. The specimens were postfixed in
and incubated at 948C for two minutes (initial denatur- 1% osmium tetroxide, stained with 7% aqueous uranyl
acetate, dehydrated in graded series of ethanol, and em-ation) and then cycled for 35 times through 948C (dena-
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Fig. 1. Effects of purine receptor-agonists on
[3H]thymidine incorporation in DNA of cul-
tured rat glomerular mesangial cells. Rat glo-
merular mesangial cells were seeded into 24-
well plates (5 3 104 cells/well) in DMEM/
F-12/10% FCS. The medium was changed to
DMEM/F-12/0.5% FCS and the cells were in-
cubated with adenosine (s) or ATP (d) at
the concentrations indicated on the abscissa
(A) or a P2-receptor agonists (100 mmol/L;
B). After 20 hours, the cells were treated for 4
hours with [3H]thymidine ([3H]dThd; 0.5 mCi/
assay) for incorporation into DNA. An assay
of [3H]dThd incorporation into trichloracetic
(TCA)-insoluble cell fraction was performed
as described in the Methods section. Each
value is the mean 6 SD.
bedded in Araldite. Ultrathin sections were stained with Dose-dependent inhibition by BzATP of
uranyl acetate and lead citrate and examined using a [3H]thymidine incorporation and cell number
GEOL electron microscope. To examine BzATP-induced inhibition of [3H]thymi-
dine incorporation in more detail, the dose dependencyStatistical analysis
of inhibition by treatment with BzATP on [3H]thymidine
Data are expressed as mean 6 SE. Statistical analysis incorporation and cell number of rat glomerular mesan-
was performed using the two-sample t-test to compare gial cells was investigated (Fig. 2). As with [3H]thymidine
data in different groups using Instat version 2.0 statistical incorporation (Fig. 2A), we detected a decrease in cell
package (GraphPad Software, CA, USA). P , 0.05 was number following BzATP treatment (Fig. 2B). This re-
considered statistically significant. sult suggests that the BzATP-induced suppression of
[3H]thymidine incorporation is caused mainly by a de-
RESULTS crease in the number of viable cells or cells attached to
the bottom of the culture dish.Effect of purine receptor agonists on mesangial
cell proliferation
Morphology of mesangial cells incubated with
To examine the effect of purine receptor-agonists on ATP or BzATP
mesangial cell proliferation, cell proliferation was as-
Microscopic analysis revealed that treatment with 100sessed by [3H]thymidine incorporation into DNA of rat
mmol/L BzATP for 24 hours induced cell death by apo-mesangial cells. In all experiments, 24 hours before the
ptosis (Fig. 3). Shrinkage of cytoplasm and condensationaddition of purinoceptor-agonists, culture medium was
of nuclei characterize cells undergoing apoptosis. Mor-changed from DMEM/F-12/10% FCS to DMEM/F-12/
phologically, apoptotic cells are small compared with0.5% FCS to lead cells once into resting stage and to
necrotic cells, which are bigger because of rapid cellremove excess growth factors that may regulate cell pro-
swelling and lysis [18]. Morphology of cells in the restingliferation or death. Compared with untreated control,
phase (control) shows the normal characteristics of glo-ATP triggered a dose-dependent increase in DNA syn-
merular mesangial cells. After treatment with BzATP,thesis (Fig. 1A). This proliferative response was also
small cells were observed that showed the typical mor-produced by a P2Y receptor agonist, UTP (100 mmol/L).
phological characteristics of apoptotic cell death. ThereIn contrast, the most potent selective P2X7 agonist
were fewer apoptotic cells following treatment with[24], 29-839-O-(4-benzoyl benzoyl) ATP (BzATP; 100
ATP. Our observations strongly suggest that activationmmol/L), markedly inhibited [3H]thymidine incorpora-
of the P2X7 receptor can induce apoptotic cell death oftion in these cells. Other P2 receptor agonists tested
rat mesangial cells.did not induce significant changes in rat mesangial cell
proliferation at a concentration of 100 mmol/L (Fig. 1B).
Effect of BzATP on DNA cleavage in mesangial cellsThese observations suggest a potential dual and reciprocal
To confirm the mode of BzATP-induced cell death,action of P2 purinoceptors on glomerular mesangial cell
proliferation. we used a detection assay for DNA fragmentation on
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Fig. 2. Dose-dependent inhibition by treat-
ment with BzATP of [3H]thymidine incorpo-
ration (A) and cell number (B) of rat glomeru-
lar mesangial cells. The cells were seeded at
a density of 5 3 104 cells per well in 400 mL
of DMEM/F-12/10% FCS into 24-well tissue
culture plate. After 24 hours, the medium was
changed to DMEM/F-12/0.5% FCS and incu-
bated for 20 hours with BzATP at the indi-
cated concentrations. DNA synthesis assay
by measuring the [3H]dThd incorporation
into DNA (A) and colorimetric alamarBluee
assay for measuring cell number (B) was per-
formed as described in the Methods section.
Each value presents the mean 6 SD.
Fig. 3. Morphology of rat glomerular mesan-
gial cells incubated with ATP or BzATP. The
cells were seeded at a density of 1 3 105 cells
in 1 mL of DMEM/F-12/10% FCS into 60 mm
culture dish. After 24 hours, the medium was
changed to DMEM/F-12/0.5% FCS and incu-
bated for 24 hours without any additions (A),
with ATP (100 mmol/L; B), and with BzATP
(100 mmol/L; C). Photographs of each culture
were taken.
Induction of phosphatidylserine translocation to the
cell surface of mesangial cells
All of the results described earlier in this article were
following 24 hours of treatment with P2X7 agonists. We
tried to detect an earlier indication of cell death pro-
duced by BzATP using yet another assay of apoptosis.
Recently, exposure of phosphatidylserine on the outside
Fig. 4. Effect of BzATP on DNA cleavage in rat glomerular mesangial of the cell membrane has been reported as an index of
cells. Agarose gel electrophoresis of DNA extracted from rat glomeru-
early apoptosis [20, 25]. The externalization of phospha-lar mesangial cells untreated (lane 1), treated with ATP (100 mmol/L;
lane 2) and BzATP (100 mmol/L; lane 3) for 24 hours as described in the tidylserine was demonstrated by flow cytometry using
Methods section. Note the oligonucleosomal fragment ladder typical of FITC-labeled annexin V, which has a high and selective
apoptosis; size makers are omitted for clarity.
affinity for phosphatidylserine. Compared with untreated
control cells, treatment of cells for three hours with 100
mmol/L BzATP resulted in a significant increase in
annexin V expression (Fig. 5). The computer analysis
agarose gel electrophoresis (Fig. 4). Nuclear DNA frag- showed a shift in expression, and therefore apoptotic
mentation is another feature of apoptotic cell death [12]. cell death, after three hours of treatment with BzATP
BzATP (100 mmol/L for 24 hours)-treated cells yielded from 17.7 to 45.2% of all cells. These findings show that
typical ladders of oligonucleosomal fragments of extracted stimulation of the P2X7 receptor induces phosphatidyl-
DNA (lane 3) and also ATP-treated cells yielded some serine translocation to the surface of mesangial cells as
ladders, again confirming that activation of the P2X7 early as three hours after exposure to BzATP, again
confirming a role for this receptor in apoptotic cell death.receptor induces apoptotic cell death of mesangial cells.
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Fig. 6. Products analysis of RT-PCR for P2X7, P2Y2, and P2Y4
mRNA. Agarose gel electrophoresis of RT-PCR products from iso-
lated rat glomeruli and mesangial cells for P2X7, P2Y2, and P2Y4, as
described in the Methods section, is shown. Lane 1 is the DNA size
marker (f X174 HaeIII digest). The amplification products after RT-
PCR for the P2X7 (lanes 2 and 5), P2Y2 (lanes 3 and 6), and P2Y4
(lanes 4 and 7) mRNA from isolated glomeruli (2 through 4) and
mesangial cells (5 through 7), respectively, are shown.
Fig. 5. Induction of phosphatidylserine-translocation to the cell sur-
face of rat glomerular mesangial cells using the FITC-labeled annexin
V and flow cytometry. The cells were gently trypsinized, suspended in tected by electron microscopy (EM) of unstimulated
DMEM/F-12/0.5% FCS, and treated with or without BzATP (100
mesangial cells as shown in Figure 8. The distributionmmol/L) for the time on abscissa. After treatment, cells were labeled
using FITC-annexin V and analysis by flow cytometry as described in of P2X7 receptor immunoreactivity was heterogeneous
the Methods section. and localized not only on the plasma membrane (PM),
but also intracellularly: the endoplasmic reticulum (ER),
cytoplasmic membrane of mitochondria (M) and on the
outer membrane (NM) of the nucleus (N).Detection of P2X7, P2Y2, and P2Y4 mRNA
by RT-PCR Induction of P2X7 mRNA by TNF-a on mesangial
We detected the expression of P2X7, P2Y2, and P2Y4 cells by RT-PCR
mRNA in isolated glomeruli and cultured mesangial cells Figure 9 shows the amplification products after RT-
using RT-PCR analysis. Figure 6 shows the amplification PCR for the P2X7 mRNA following incubation with theproducts after RT-PCR for the P2X7, P2Y2, and P2Y4 proinflammatory and apoptosis-inducing cytokine TNF-a
mRNA. Rat mesangial cells proliferate in response to at 0-, 1-, 3-, and 24-hour time intervals in cultured mesan-
ATP and UTP, and this response profile is characteristic gial cells. The P2X7 receptor mRNA was detected as
of the P2Y2 receptor [14, 15]. However, it has been shown early as one hour after exposure to TNF-a. The expres-
recently that the cloned rat P2Y4 receptor is also equally sion persisted for at least 24 hours. This result demon-
sensitive to UTP and ATP [26]. The detection of mRNA strates increased expression of the P2X7 receptor mRNA
for both P2Y2 and P2Y4 receptors in isolated glomeruli soon after exposure of mesangial cells to TNF-a.
and unstimulated mesangial cells suggests the possible
mitogenic role of P2Y4 receptors. Both the isolated glo-
DISCUSSIONmeruli and mesangial cells expressed P2Y2 (lane 3 and
6) and P2Y4 (lane 4 and 7) mRNA. Therefore, we must In this study, we have examined the potential roles of
also consider the possibility of P2Y4 receptor involve- P2 receptors present on glomerular mesangial cells. In
ment in the proliferative response of rat mesangial cells addition to P2Y receptors mediating cell proliferation,
to ATP and UTP. On the other hand, expression of P2X7 our data indicate the presence of functional P2X7 recep-
mRNA was at a low level in intact isolated glomeruli tors on rat glomerular mesangial cells, activation of
and cultured mesangial cells (lanes 2 and 5). which induces apoptotic cell death. Several means of
detecting apoptosis have been used [27], including mor-
Immunohistochemical detection of P2X7 receptor in phological features such as shrinkage of cytoplasm and
normal rat kidney and ultrastructural localization of condensation of nuclei, nuclear DNA fragmentation, and
P2X7 receptor in mesangial cells exposure of phosphatidylserine on the outside of the cell
The P2X7 receptor protein is barely detectable by im- membrane. Other agonists used, including a,b-MeATP,
munohistochemistry in normal rat kidney tissue (Fig. 7) ADP, UDP, adenosine, and 2-methylthio-ATP, did not
and in unstimulated mesangial cells in culture. However, affect cell proliferation or cell death. Our observations
strongly suggest the potential for a dual and oppositethe P2X7 receptor-ultrastructural localization was de-
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Fig. 7. Immunolocalization of P2X7 receptor in normal rat kidney. A view of the low-intensity P2X7 immunoreactivity in the glomeruli (G) of
the normal rat kidney (magnification 3800) is shown.
action of P2 receptors on rat glomerular mesangial cell trolled so as to prevent inappropriate and unregulated
apoptotic or necrotic cell death.proliferation and death.
The profile of cell proliferation in response to compa- ATP was significantly less potent than BzATP in caus-
ing cell death by apoptosis. This probably accounts forrable concentrations of ATP and UTP was characteristic
of the P2Y2 receptor [14, 15]. Recently, it has been shown the predominant mitogenic effect of ATP on mesangial
cells via P2Y receptors; only under conditions of massivethat the cloned rat P2Y4 receptor is also equally sensitive
to UTP and ATP [26]. We also detected the expression ATP release and/or up-regulation of P2X7 receptors can
ATP induce mesangial cell death. Humphreys and Du-of the P2Y2 and P2Y4 mRNA in rat glomerular mesangial
cells and the isolated glomeruli. Thus, there is also the byak reported the induction of the P2X7 receptor by
lipopolysaccharide and interferon-g in the human THP-1possibility of P2Y4 receptor involvement in the prolifera-
tive response of rat mesangial cells to ATP and UTP. monocytic cell line [28]. Their report suggests that P2X7
receptor expression might increase in damaged tissueThe P2X7 mRNA has a more limited expression, at
least in normal and healthy tissue, including kidney [27]. following ischemic injury. In glomerulonephritis (GN),
immune deposits attract inflammatory cells and result inIn fact, expression of P2X7 mRNA is normally at a low
level in glomeruli and is undetectable in unstimulated local release of TNF-a; therefore, we investigated the
effect of TNF-a on P2X7 receptor mRNA expression.mesangial cells. Although the intensity of P2X7 immuno-
reactivity in the glomeruli of the normal rat kidney is Treatment with TNF-a induced P2X7 receptor mRNA
in a time-dependent manner in rat mesangial cells. Thislow, we could detect the localization of P2X7 receptor
protein in unstimulated rat mesangial cells by EM. The finding suggests that expression of P2X7 mRNA is nor-
mally maintained at a low level in vivo, but can increaseP2X7 receptors were distributed heterogeneously and
present not only on the PM, but also intracellularly, in significantly in pathological states.
The characteristic pathological features of GN are in-the ER, cytoplasmic membrane of M, and on the outer
nuclear membrane. These findings raise the possibility flammatory cell infiltration, extracellular matrix accumu-
lation, and glomerular cell proliferation, all resulting inof an intracellular role for the cytolytic P2X7 receptor
(perhaps in relation to the apoptotic pathway) and/or its glomerulosclerosis and scarring. Because mesangial cell
expansion within the glomerulus can herald glomerulartrafficking to the PM and surface expression under cer-
tain conditions. It is perhaps not surprising that the sur- scarring, turnover of mesangial cells may be important.
In some forms of glomerular injury, mesangial cell prolif-face expression of such a receptor should be tightly con-
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Fig. 8. Immunolocalization of P2X7 receptor subtypes in unstimulated rat mesangial cells. (A) A view of the mesangial cells showing the
heterogeneous distribution of P2X7 receptors (36000). (B) A higher magnification of the distribution of P2X7 receptors localized not only on the
plasma membrane (PM), but also found intracellularly in the endoplasmic reticulum (ER), on the cytoplasmic membrane of mitochondria (M),
and on the outer membrane (NM) of the nucleus (N; 316,000). (C) A higher view of the outer membrane (NM) of the nucleus (350,000).
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and vascular smooth muscle cells [5, 38, 39]. We speculate
that both the regulation of local concentrations of extra-
cellular ATP and the different affinities of receptor sub-
types for ATP are important in determining mesangial
cell proliferation or death. Thus, our observations sug-
gest that P2 receptors may have a role in normal and
abnormal glomerular mesangial cell function. The bal-
ance between proliferation and apoptosis will depend
on the stimulation of the various P2 receptors subtypes
expressed on these cells. The P2X7 receptor mediation
of apoptosis may be open to manipulation and could
provide a novel means of therapy in glomerular disease.
Fig. 9. Products analysis of RT-PCR for P2X7 mRNA following expo-
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